t r a t i o n f i e l d s associated with the t r a n s f e r of argon, nitrogen o r helium into the near wake w e r e studied for m a s s t r a n s f e r f r o m the forward stagnation region, and f r o m the b a s e . F o r sufficiently low m a s s t r a n s f e r r a t e s f r o m the base, f o r which a recirculating zone exists, the e n t i r e n e a r -wake flow field c o r r e l a t e s with the momentum flux, not the m a s s flux, of the injectant, and the m a s sconcentration field i s determined by c o u n t e r -c u rr e n t diffusion into the r e v e r s e d flow. F o r m a s s addition from the forward stagnation region, the p r e s s u r e field i s undisturbed and the m a s s -c o ncentration field i s n e a r l y uniform in the regionof r e v e r s e d flow. The axial decay of argon m a s s concentration in the intermediate wake, downs t r e a m of the neck, i s explained with the aid of an integral solution in the incornpressihle plane, f r o m which the location of the virtual origin f o r the asymptotic f a r -w a k e solution h a s been dcrivcd a s one r e s u l t . -m a s s t r a n s f e r p a r a m e t e r
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Introduction
T h c r o l e s of heat and m a s s t r a n s f e r in the development of the wake behind a body, and the diffusion of chemical s p e c i e s within the n e a rand f a r -w a k e flows a r e p r o b l e m s of considerable technological importance. The purpose of the p r e s e n t investigation was to d e t e r m i n e the effect of m a s s addition on the laminar wake of a c i r c u l a r cylinder and to examine the diffusion of the i n j e cted s p e c i e s within the near-wake flow. t a i l s of this work a r e given in Reference ( 1 ) .
The d e -
The basic flow-field s t r u c t u r e f o r t h e c i r c ul a r cylinder ( F i g u r e ( l ) ) , in the absence of m a s s addition, h a s previously been described in cons i d e r a b l e detail in R e f e r e n c e s (2), ( 3 ) , (4) . (5), and t h e r e f o r e only those a s p e c t s of the flow which r el a t e d i r e c t l y to the phenomena of m a s s addition will be included h e r e . The problem of m a s s diffusion in the f a r wake of a uniformly porous cylinder h a s and Herzog h a s investigated the effects of nitrogen addition f r o m the b a s e on the n e a r -w a k e p r e ss u r e field. d i s c u s s e d in R e f e r e n c e s ( 6 ) , ( 7 ) .
It s e e m s obvious, a p r i o r i , that m a s s addition into the near-wake flow f r o m t h e b a s e will perturb the flow-field s t r u c t u r e . However, i t is not obvious what effects on the n e a r wake will be produced by m a s s addition f r o m the forward stagnation region of the body when the ma88 t r a n s f e r r a t e s a r e low enough that the bow shock s t r u c t u r e i s not affected. In the l a t t e r case, one might expect perturbations to occur in the Structure of the cylinder boundary layer which, a f t e r s e p a r ation, b e c o m e s the f r e e s h e a r layer in the n e a r wake. F o r the addition of a foreign species, one might a l s o anticipate changes in the dynamics of the reattaching s t r e a m l i n e resulting f r o m the p r e s e n c e of finite m a s s concentrations. The a ccumulation of t h e s e effects would b e expected t o influence the n e a r -w a k e flow field accordin to the t h e o r i e s of K o r s t ( 9 ) and Chapman. ( l o ) ( ' ? )
L/
F o r m a s s addition f r o m the base, two fundamentally different m e c h a n i s m s have been proposed to d e s c r i b e the influence of m a s s addition on the b a s e p r e s s u r e . T h e s e will be b r i e f l y s u m m a r i z e d :
1 . Korst, et. a l . ( 9 ) proposed for turbulent flow that the b a s e p r e s s u r e is established by an expansion of the g a s f r o m the f r e e -s t r e a m d i r e ction to a direction p a r a l l e l to a n a s s u m e d , straight +=a s t r e a m l i n e which bounds the recirculating flow.
and that the change in b a s e p r e s s u r e with m a s s addition can be calculated by considering the spread of the +=O s t r e a m l i n e to accomodate the a d d e d m a s s
The a r g u m e n t s advanced by Chapman, for a fully-developed l a m i n a r mixing-layer profile, establish the b a s e p r e s s u r e in t e r m s of the velocity uh on the stagnating s t r e a m l i n e . When the m a s s entrainment in the s h e a r l a y e r i s p a r t i a l l y s a t i sfied by m a s s addition, u* i s reduced below the value for a fully-developed free shear l a y e r . A s a result, the l e s s energetic compression supports a s m a l l e r p r e s s u r e r i s e to reattachment, and the b a s e p r e s s u r e i s increased. definitive experiments, i t h a s been generally b elieved that t h i s c r i t e r i o n is c o r r e c t f o r l a m i n a r flow when modified to include the influence of a finite initial boundary l a y e r on the development
In the a b s e n c e of of the n o n -s i m i l a r mixing profile d
The a r g u m e n t s by Korst, et. a l . , and by Chapman, .both conclude that the base p r e s s u r e , and hence the near-wake s t r u c t u r e , depend only on the p r o p e r l y normalized m a s s flux of th i njected fluid. The experiments of CarriAre?") and Ginoux,(13) using only a i r a s an injectant, seem to substantiate the dependence of the b a s e p r e s s u r e on the m a s s flux of the injected gas. However, because the distinction between the m a s s flux and the momentum flux can only he made by varying the molecular weight of the injectant, both s e t s of experiments a r e inconclusive. The p r e s e n t experiments a r e designed to study the physical m e c h a n i s m associated with the effect of m a s s addition on the base p r e s s u r e and the n e a rwake p r e s s u r e field, and to d e t e r m i n e the c o r r elation of these effects with Reynolds number and molecular weight by using a r g o n , nitrogen and helium a s injectants.
T o the p r e s e n t time, no theoretical or e x p e rimental investigations have been p e r f o r m e d to d et e r m i n e the distribution in the n e a r -w a k e flaw field of m a s s s p e c i e s t r a n s f e r r e d to the flow f r o m the body. In the p r e s e n t investigation, the d i s t r i b utions of the injected s p e c i e s w e r e m e a s u r e d in the steady n e a r -w a k e flow of a c i r c u l a r cylinder, and the important m e c h a n i s m s that d e t e r m i n e the d i stribution of p a s s i v e s c a l a r s (i. e . m a s s and, by analogy, t e m p e r a t u r e ) in the n e a r wake a r e e x a mined. In addition, to understand the behavior of the asymptotic far-wake distribution of the injected species, an intermediate wake region, immediately downstream of the wake neck, i s examined to determine the influence of the near-wake flow on the development of the asymptotic f a r wake
Experimental Technique v

Flow Facilitv
The experiments w e r e p e r f o r m e d a t a n o m inal f r e e -s t r e a m Mach number of 6 . 0 , and f r e es t r e a m Reynolds n u m b e r s Re,
and 2. 95 x I O 4 in Leg I of the GALCIT hypersonic facility. T h i s facility i s a closed r e t u r n , continuous flaw tunnel with a 5 in. x 5 in. t e s t s e ction and a stagnation t e m p e r a t u r e of 735'R.
Models
The wind-tunnel models used in this investigation ( F i g u r e I ) consisted of 0. 2 0 0 inch d i a m e t e r s t a i n l e s s -s t e a l tubes which spanned the t e s t s e ction and w e r e supported by dual O -r i n g s e a l s in p o r t s on either side wall. provided with triangular cross-flow fences downs t r e a m of the cylinder to i n s u r e a spanwise unif o r m s t a t i c -p r e s s u r e field in the b a s e region (cf. Reference ( 1 ) ) .
T h e s e models w e r e Two models were used in the experiments: a p r e s s u r e model and a m a s s t r a n s f e r model. The p r e s s u r e model used an internal O -r i n g t o hold either b a s e mounted P i t o t probes o r i n s e r t s t a t i c -p r e s s u r e p r o b e s , with which the axial d i stributions of P i t o t and static p r e s s u r e w e r e m e a sured in the r e v e r s e d flow in the a b s e n c e of m a s s addition. used a machineable porous c e r a m i c i n s e r t , bonded with epoxy into a longitudinal slot in the cylinder, to t r a n s f e r the injectant f r o m the body s u r f a c e into the flow field a t a r a t e determined by a calib r a t e d flow m e t e r . P r e s s u r e t a p s w e r e not i ncluded in the model because of the s m a l l scale and the possibility of i n t e r f e r e n c e with the flow through the c e r a m i c m a t e r i a l .
The m a s s t r a n s f e r model ( F i g u r e 1 ) -.
T o i n s u r e the spanwise uniformity of t h e flow field, the model plenum p r e s s u r e and t e m p e r a t u r e w e r e m e a s u r e d . uniform with 0.5% and independent of the external flow, while the t e m p e r a t u r e was within lO$of the adiabatic-wall t e m p e r a t u r e of the model. It i s concluded that the flow through the c e r a m i c is an i s o t h e r m a l , choked flow and that the exit Mach number Mi -1 /x. M e a s u r e m e n t s of the spanwise p r e s s u r e and mass-concentration d i s t r i b utions in the b a s e region confirmed that the n e a rwake flow with m a s s addition w a s n e a r l y twodimensional in the region of r e v e r s e d flow. Downs t r e a m of reattachment, three-dimensional effects resulted in an overall d e c r e a s e in the m a s s -c o ncentration levels. P r e s s u r e M e a s u r e m e n t The p r e s s u r e was found to be The i m p a c t -p r e s s u r e and m a s s -concentration fields w e r e m e a s u r e d by using a family of P i t o tsampling p r o b e s , constructed with various dimensions f o r t h e flattened oval tip, in o r d e r to i n v e stigate the effects of p r o h e Reynolds number and to provide an adequate sample with a minimum probe dimension and m i n i m u m r e s p o n s e t i m e . s t a t i c -p r e s s u r e field was a l s o m e a s u r e d using a v family of p r o b e s , each adapted to the p a r t i c u l a r The r e g i m e of m e a s u r e m e n t (cf. R e f e r e n c e ( I )
The m e a s u r e m e n t s w e r e m a d e with a 0-5 p s i a p r e s s u r e t r a n s d u c e r manufactured by Statham Instrument Co., and a vacuum r e f e r e n c e siliconeoil m i c r o m a n o m e t e r . The data were c o r r e c t e d for both viscous and p r o b e i n t e r f e r e n c e e f f c c t s , and w e r e adjusted to account for existing tunnel gradients. M a s s Concentration M e a s u r e m e n t Reis and Fenn(14) have demonstrated that for the flow of a b i n a r y m i x t u r e of g a s e s of d i s p a r a t e molecular weights, the p r e s e n c e of a sampling p r o h e m a y cause barotropic s p e c i e s separation by v i r t u e of t h e existence of a strong l a t e r a l p r e s s u r e gradient in the vicinity of the p r o b e tip. of these m e a s u r e m e n t s , i t i s concluded that the sample obtained i s r e p r e s e n t a t i v e of the undisturbed flow field.
On t h e b a s i s
The detector for the m a s s -a n a l y s i s s y s t e m w a s a Varian A s s o c i a t e s P a r t i a l P r e s s u r e Gauge, a s m a l l magnetic m a s s s p e c t r o m e t e r utilizing a modified Bayard-Alpert s o u r c e with a thoriatedi r i d i u m filament. The s p e c t r o m e t e r background p r e s s u r e was maintained a t 2 x I O -* t o r r by a liquid -nitrogen-trapped oil diffusion pump. operation, a continuous s a m p l e was throttled t o a known, conBtant p r e s s u r e ( 2 5~) maintained by a trapped mechanical pump, and a portion of the s a m p l e was expanded through a fixed capillary into th s p e c t r o m c t e r , operating a t a p r e s s u r e of 2 x 1 0 -t o r r .
During
%
The s p e c t r o m e t e r s y s t e m was calibrated using known m i x t u r e s .
each b i n a r y mixture, i. e . m l e = 4 0 f o r a r g o n -a i r and m l e = 28 f o r both n i t r o g e n -a i r and h e l i u m -a i r , and the output of the s p e c t r o m e t e r was r e c o r d e d , n o r m a l i z e d by the s p e c t r o m e t e r output f o r the p u r e g a s under the s a m e inlet conditions. F o r argon, the e r r o r in the m e a s u r e m e n t s was A single peak was scanned f o r a t m o s t 1.5$of the m e a s u r e d value over the e n t i r e r a n g e of m a s s concentrations.
t h e m e a s u r e m e n t of nitrogen, however, the p e r c e n t e r r o r in t h e m a s s concentration of t h e added n i t r ogen b e c o m e s unbounded a s zero concentration i s approached, b e c a u s e the background g a s (air) cont a i n s -8O$nitrogen.
The h e l i u m m a s s concentration?
For a 1% e r r o r in w e r e also measured using the m / c = 28 peak of nitrogen b e c a u s e of a n instability which o c c u r r e d in t h c m / e = 4 pcak of helium. T h e r e f o r c the e r r o r for h c l i u m a l s o b e c o m e s unbounded f o r vanishing mass concentrations. Howevcr, a s in the c a s e of nitrogen, t h e p e r c e n t a g e e r r o r rapidly d i m i s h e s with i n c r e a s i n g m a s s concentration of helium.
The S t r u c t u r e of the Flow Field with M a s s Addition F o r w a r d Injection M e a s u r e m e n t s of the n e a r -w a k e p r e s s u r e field f o r m a s s addition f r o m the f o r w a r d stagnation region d e m o n s t r a t e that the P i t o t -p r e s s u r e distributions and the base p r e s s u r e ( F i g u r e 2 ) a r e completely independent of mass addition a lthough the mass t r a n s f e r r a t e s a r e l a r g e c o mpared, to t h e l o c a l b o u n d a r y -l a y e r mass flux in thevicinity of the stagnation point. The m e a su r e m e n t s show that neither t h e bow shock wave nor the P i t o t -p r e s s u r e distributions in the bounda r y l a y e r u p s t r e a m of s e p a r a t i o n a r e a l t e r e d by m o d e r a t e m a s s addition r a t e s . t h e flow along the dividing s t r e a m l i n e a r e unalt e r e d b e c a u s e t h e n e a r -w a k e m a s s concentrations are sufficiently low t h a t t h e density and s p e c i f i c h e a t s r a t i o y a r e e s s e n t i a l l y constant.
The dynamics of
On the b a s i s of t h e s e m e a s u r e m e n t s . i t i s concluded that the mass -cancentration field corresponding to m o d e r a t e r a t e s of m a s s addition f r o m t h e f o r w a r d stagnation region i s simply the field of a s c a l a r quantity diffusing f r o m an initial d i stribution in the cylinder boundary l a y e r into t h e o t h e r w i s e undisturbed n e a r -w a k e flow.
M a s s Addition from the B a s e B a s e P r e s s u r e
T h e m o s t i m p o r t a n t r e s u l t of the p r e s e n t e xp e r i m e n t s i s that neither t h e K o r s t nor the Chapman t h e o r y outlined i n t h e Introduction gives a p r o p e r description of t h e behavior of the b a s e p r e ssure with h a s c m a s s t r a n s f e r . The p r e s e n t experi m e n t s show that, under the condition that a nonvanishing r e c i r c u l a t i n g flow e x i s t s in the n e a r wake, t h e b a s e p r e s s u r e ( F i g u r e Z ) , and the e n t i r e n e a r -w a k e p r e s s u r e field ( F i g u r e 5 ) c o r r e l a t e with t h e injection p a r a m e t e r T h i s p a r a m e t e r i s t h e m o m e n t u m flux of the i njected fluid, p r o p e r l y n o r m a l i z e d to account f o r the influence of f r e e -s t r e a m Reynolds number and the molecular weight of tho injectant.
Thc p r e s e n t e x p e r i m e n t s suggest a physical model for the b a s e p r e s s u r e which depends on the dynamics of t h e interaction of the injected gas with the r e c i r c u l a t i n g near-wake flow field. T h i s m o d e l p o s s e s s e s two a s p e c t s : ( 1 ) t h e interaction of the injected fluid with the r e v e r s e d flow f o r m s a stagnation point off of the body, and consequently ( 2 ) the injected fluid i s turned away f r o m the a x i s and i s i m p r e s s e d on the f r e e s h e a r layer n e a r i t s origin, inducing a n i n c r e a s e in p r e s s u r e . Both a s p e c t s a r e coupled and r e s u l t i n a m o m e n t u m f l u x depcndence f o r the hasp p r c s s u r e .
The p r i m a r y a s p e c t of this model i s the i n t c raction betwecn the injcctccl fluid and thc r e v e r s e d flow. F o r moderate mass addition r a t e s , a r c c i rculating vortex r e m a i n s in the near wake, a n d hence two stagnation points exist on the axial s t r e a m l i n e : the r e a r stagnation point, and a s t a gnation point in the vicinity of the b a s e (see F i g u r e 1 ) . F i g u r e ( 3 ) d e m o n s t r a t e s that the total p r e s s u r e of the injected g a s i s comparable with the total p r e s s u r e on t h e centerline of the recirculating v o rtex, and hence the b a s e stagnation point i s formed off the body by a balance between the total p r e ssures of the two interacting s t r e a m s . The g e n e ralization of the base pressure:' 'or c h a r a c t e r i s t i c n e a r -w a k e p r e s s u r e , i s the stagnation p r e s s u r e of the highly dissipative r e v e r s e d flow a t the b a s e stagnation point,' and i s t h e r e f o r e determined by the momentum flux of the injected fluid. T h o p r o p e r scaling for this momentum flux i s given by the m omentum flux of the r e v e r s e d flow.
W
The.tota1 p r e s s u r e on the axial s t r e a m l i n e decays monotonically f r o m i t s value a t the r e a r stagnation point to i t s value at the b a s e stagnation point a s a consequence of viscous dissipation. Therefore, as the momentum flux of the injected gas, and hence i t s total p r e s s u r e , i s i n c r e a s e d , the base stagnation point moves toward the rear stagnation point into a region of increasing total p r e s s u r e for the r e v e r s e d flow. t h e r e v e r s e d flow i s reduced as a consequence of the reduction of the value of ua? on t h e stagnating s t r e a m l i n e .
For t h e s e r e a s o n s , the b a s e p r e s s u r e i n c r e a s e s with increasing mass addition. When the total p r e s s u r e of the injected fluid exceeds the maxi m u m available total p r e s s u r e in the r e v e r s e d flow, satisfied by t h e i n j e c t e d gas and the r e v e r s e d flow vanishes, a s reported by Herzog.i8) Simultaneously, the entrainment required by the s h e a r l a y e r s i s
i/
The second a s p e c t of the model involves the interaction between the injected gas and the separating free s h e a r l a y e r . the base i s turned b t h e r e v e r s e d flow i n a d i stance Sb = 6b!&i/ k), the distance f r o m the body to the b a s e stagnation point, and i s i m p r e s s e d on the separating f r e e s h e a r layer o v e r a distance L, which i s of the o r d e r of Sb. The effects on the f r e e s h e a r l a y e r caused by the i m p r e s s e d mass are d et e r m i n e d by the amount of mass that the layer i s r e q u i r e d to entrain. The idealization proposed by C h a p m a n ( l 6 ) gives a n upper bound on the m a s s e ntrainment resulting f r o m viscous s t r e s s e s . If the entrainment i s g r e a t e r than Chapman's value, v i scous s t r e s s e s are n o longer sufficient to turn the flow and a pressure i n c r e a s e i s induced by the i nt e r a c t i o n which t u r n s both the i m p r e s s e d flow and t h e flow in the f r e e s h e a r l a y e r . The amount of the turning of the s h e a r l a y c r flow, and hencc thc induced p r e s s u r e , i s determined f r o m a balance betwcen the momentum flux of the i m p r e s s e d flow and some c h a r a c t e r i s t i c momentum flux associated with the f r e e s h e a r l a y e r .
The g a s injected f r o m
F o r the p r e s e n t e x p e r i m e n t s , the entrainment r a t e of the i m p r e s s e d fluid, Xc T h i s distinction h a s not been m a d e in the work of F u l l e r and Reid,(15) for example, and care m u s t be used in the interprctation of t h e i r r e s u l t s .
ii exceeds the Chapman value by a factor of f r o m f o u r to eight. Therefore, so long a s the e n t r a i nment i s l a r g e compared t o the entrainment specified by the Chapman solution, and so long a s a recirculating vortex e x i s t s i n the n e a r wake, the change in the n e a r -w a k e p r e s s u r e field with b a s e m a s s addition will be a function only of the p r o p e rl y normalized momentum flux of the injected gas. 
T h e v T w o fundamental differences e x i s t between the p r e s e n t m a s s t r a n s f e r c r i t e r i o n and those derived f r o m the models proposed by Korst, et. al. ( 9 ) and by Chapman:(101 1. The p r e s e n t p a r a m e t e r , i s based on the momentum flux of the injectedfluid, not the m a s s f l u x a s proposed by Korst, 
.
The p r e s e n t model a s s u m e s that the proper normalization i s the momentum flux in the boundary l a y e r u p s t r e a m of separation, while t h e Korst p a r a m e t e r ,
A.
H = K' G(Mm) ff o r example, a s s u m e s that the proper m a s s flux normalization i s the f r e e -s t r e a m m a s s flux, Af ., T h e s e models differ in t h e Reynolds number scaling for the m a s s t r a n s f e r p a r a m e t e r , a s 1
I -
w h e r e a s H -F i g u r e ( 2 ) c l e a r l y d e m o n s t r a t e s that both the Reynolds number and molecular weight sCaling a r e p r o p e r l y included in the momentum c r i t e r i o n for the m a s s t r a n s f e r r e g i m e considered.
In view of the p r e s e n t r e s u l t s , i t i s c l e a r that the role of momentum can only be determined by an investigation of t h e effect of molecular weight. F o r t h i s reason, the r e s u l t s reported byCarri&rk12) and by Ginoux,(13) for example. appear to he inconclusive.
P r e s s u r e Field Similitude
The t r a n s v e r s e P i t o t -p r e s s u r e p r o f i l e s a t the neck, shown in F i g u r e (4) for nitrogen addition a t Re, 3x104, i l l u s t r a t e t h e m a j o r f e a t u r e s of the ihh:ence of increasing m a s s addition on the n e a r -w a k e flow field. tion, the location of t h e separation point moves forward on the cylinder (cf. H e r z o g ( 8 ) ) , and the separation shock i s displaced into thc outer, r o t ational flow with a corrqsponding i n c r e a s e i n strength.
In addition, the spreading of the viscous l a y e r s r esults in a pronounced d e c r e a s e in the strength of the wake, o r r e c o m p r e s s i o n shock, and the c o mbined effects significantly influence the developm e n t of t h e i n t e r m e d i a t e -and f a r -w a k e flows, downstream of the wake neck.
With increasing m a s s addi-
The c o r r e l a t i o n of the P i t o t -p r e s s u r e field with the m a s s addition p a r a m e t e r f o r argon, n i t r ogen and helium addition i s shown in Figure ( 
T h e S t r u c t u r e of t h e Mass-Concentration Field
The Near-Wake Flow
M a s s Addition F r o m the B a s e
The r e s u l t s for t h e n e a r -w a k e m a s s -c o n c e ntration field with mass addition f r o m the b a s e are given in F i g u r e s (6), (7) and ( 8 ) . i s an i s o m e t r i c plot of the argon m a s s -c o n c e n t r ation field, while F i g u r e s (7) and ( 8 ) are i s o g r a m s of the argon and helium m a s s -c o n c e n t r a t i o n fields respectively, overlayed on the c h a r a c t e r i s t i c f e a t u r e s of the corresponding p r e s s u r e field. In each of t h c s e figures the mass-concentration field i s displayed f o r the s a m e value of 1 and for each of the two values of Reynolds number. F i g u r e ( 6 ) F i g u r e s ( 6 ) and ( 9 ) d e m o n s t r a t e that the d o minant f e a t u r e of the n e a r -w a k e mass-concentration field i s the axial decay of the mass concentrations f r o m the b a s e toward the r e a r stagnation point a s a r e s u l t of the c o u n t e r -c u r r e n t diffusion of the injected s p e c i e s into the r e v e r s e d flow. A second important a s p e c t of the mass-concentration field i s the existence of an outer t r a n s p o r t layer, shown in F i g u r e (6) . vicinity of the s h e a r l a y e r s and governs the t r a n sp o r t of m a s s between the recirculating v o r t e x and the o u t e r flow of diffusion across the s h e a r l a y e r s thus establishing the outer boundary condition on t h e i n n e r recirculating flaw.
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F o r Re,, d = 3 x 1 0 , the t r a n s v e r s e m a s sconcentration profiles illustrated in F i g u r e ( 6 ) are c h a r a c t e r i z e d by an off-axis m a x i m u m in the v icinity of the u = 0 locus a s a r e s u l t of the convection of the high m a s s -c o n c e n t r a t i o n l a y e r near the b a s e into the s h e a r l a y e r by the recirculatingflow. T h i s m a x i m u m a p p e a r s a s a folding of the isolines in F i g u r e (7) and i s o l a t e s the outer t r a n s p o r t l a y e r f r o m t h e m a s s -c o n c e n t r a t i o n field near the axis. L a t e r a l and axial diffusion r e s u l t both in the decay of t h i s maximum, as the r e a r stagnation point i s approached, and the subsequent development of the profile toward the asymptotic Gaussian f o r m d o w n s t r e a m of t h e rear stagnation point. F o r Re,, d = 0. 9x104, the mass-concentration field i s diffusion dominated within the recirculating zone. At t h i s lower Reynolds number, the local maximum does not e x i s t and the o u t e r t r a n s p o r t l a y e r i s no longer distinct (Figures(6) , (7lT) tween the p r e s e n t e x p e r i m e n t s and the theoretical model proposed by Scott and Eckert('') f o r h e a t t r a n s f e r in high Reynolds number separated flows. Scott and E c k e r t have postulated the existence of two thin l a y e r s to d e s c r i b e the t r a n s p o r t of h e a t between t h e body and t h e outer flow. layer in t h e i r model, a boundary l a y e r a t the base, governs the t r a n s p o r t of h e a t or mass a t the body s u r f a c e . In t h e following discussion, the axial The f i r s t profile given in F i g u r e ( 9 ) will b e shown to correspond to a generalization of t h e concept of a b a s e boundary l a y e r f o r the low Reynolds n u m b e r s e ncountered in the p r e s e n t experiments. The second layer in the model proposed by Scott and Eckert c o r r e s p o n d s closely with the outer t r a n s p o r t l a y e r observed in the experiments, and governs the t r a n s p o r t of h e a t or mass between the recirculating v o r t e x and the outer flow. Again, this outer layer may not be thin, a s a consequence of the low Reynolds n u m b e r s encountered in the experiments.
u
T h e boundary conditions on the m a s s -c o n c e nt r a t i o n distribution in the recirculating flow a r e determined by the m a s s concentration a t the b a s e and by the diffusional l o s s of m a s s through the outer t r a n s p o r t l a y e r . The mass-concentration distribution along the u = 0 locus, and hence the mass concentration a t the rear stagnation point, i s determined f r o m the r e q u i r e m e n t that the net efflux f r o m t h e recirculating region exactly bala n c e s t h e mass added.
To obtain a qualitative description of the axial distribution of m a s s concentration in the region between the two stagnation points, an approximate solution of the species conservation equation on the a x i s will b e obtained subject to the boundary conditions on the mass concentration a t the b a s e and a t the r e a r stagnation point. ( 6 ) , i t is apparent that both the axial and the t r a n s v e r s e diffusion t e r m s in t h e species c o n s e rvation equation m u s t be retained on the a x i s . pD = c o n s t . , and both t h e r m a l and barotropic d i ffusion a r e ignored, then for T h e negative q p o n e n t i a l c o r r e sponds t o the decay f r o m a s o u r c e a t the b a s e stagnation point into a u n i f o r m flow of infinite extent with l a t e r a l diffusion: w h e r e a s , the p o s it i v e exponential r e p r e s e n t s the decay toward the b a s e of the m a s s concentration supplied by a s o u r c e a t the r e a r stagnation point, whose strength is determined by t h e outer flow,.
As
= ReSc -m, the bodndary-layer c h a ra c t e r of t h e solution becomefevident. n e a r -w a k e a x i a l distribution given in F i g u r e s (6) and ( 9 ) r e p r e s e n t s a generalization to low values of 3 = ReSc of the concept of a thin b a s e 1 boundary l a y e r proposed by Scott and E c k e r t
The twq length scales in the solution, g-u-and 2-(A1-Z -u / ( IFO''1)8are derived f r o m the influence of c o u n t e r -c u r r e n t diffusion and of t r a n s v e r s e diffusion, respectively.
Under t h e s e c i r c u m s t a n c e s , the F o r w a r d Injection F o r argon addition f r o m the forward stagnation region, the near-wake m a s s -c o n c e n t r a t i o n f i e l d i s illustrated in the i s o m e t r i c plot in F i g u r e (IO) and the i s o g r a m in F i g u r e (11). In both f i gu r e s , the s a m e value of the m a s s t r a n s f e r p a r a m -
s used a t each of the two values of Reynolds number.
The species t r a n s f e r r e d f r o m the forward stagnation region e n t e r the n e a r -w a k e flow field through m a s s -concentration boundary l a y e r s whose thickness u p s t r e a m of separation i s c o mp a r a b l e to the viscous boundary-layer thickness.
-T h e m a s s concentration distribution in t h e s e boundary l a y e r s dominates the boundary conditions f o r the distribution of m a s s concentration in t h e n e a r -w a k e flow field, and s e t s the m a s s -c o n c e n t r ation level a t the base. boundary l a y e r s into t h e n e a r -w a k e flow a r e the n a r r o w m a s s -t r a n s p o r t l a y e r s shown in F i g u r e (10). e r s in the two layer model proposed by Scott and Eckert, (I7) and thus provide the outer boundary conditions an the m a s s -c o n c e n t r a t i o n field in the region of r e v e r s e d flow.
The extensions of t h e T h e s e l a y e r s f o r m the outer t r a n s p o r t l a yThe t r a n s v e r s e m a s s -c o n c e n t r a t i o n profiles 0 loci ( F i g u r e ( 1 l ) ) a s a consequence of the f o r argon exhibit a n e a r l y uniform region between the u e f f e c t s of t r a n s v e r s e diffusion within the r e c i r c ulating vortex and of the d e c r e a s e in the m a s s concentration along the undisturbed dividing s t r e a mlines by the diffusional loss of the injected s p e c i e s through the outer t r a n s p o r t l a y e r s . f a c t r e s u l t s in a reduction of the m a s s c o n c e n t r ation level a t the r e a r stagnation point below that a t the b a s e and p r o v i d e s the second boundary condition for the a x i a l decay of m a s s concentration in the n e a r wake. A l o c a l m a x i m u m o c c u r s off the a x i s , followed by a rapid decay of the m a s s concentration in the outer t r a n s p o r t l a y e r . m a x i m u m a l s o o c c u r s in the boundary-layer p r ofiles in the immediate vicinity of separation, but does n o t p e r s i s t further u p s t r e a m .
This l a t t e r The local
The n e a r -w a k e m a s s -c o n c e n t r a t i o n p r o f i l e s f o r helium exhibit the dominant r o l e of diffusion. Reynolds number. T h e d e t a i l s a r e given in R e f e rence ( 1 ) .
F o r
To obtain a qualitative understanding of the m a s s -c o n c e n t r a t i o n field in the p r e s e n t c a s e , the approximate solution given previously f o r the a x i a l distribution can again be used. c a s e , b e c a u s e the t r a n s v e r s e distribution i s n e a r l y uniform, A = 0 and hence a = 1. T h e r e f o r e the solution of the a x i a l s p e c i e s conservation equation, F o r the p r e s e n t h a s the 'same f o r m a s obtained f o r 3 -m in the previous discussion. Hobever, i n the present case, E = R e S c -O ( 1 ) a s before, and hence 6b -u-' m l , i. e . the axial diffusion depth i s of the o r d e r of the distance between the two stagnation points. F u r t h e r m o r e , b e c a u s e t h e r e i s no s o u r c e in t h e b a s e region, the d i f f e r e n c e betwecn the m a s s -c o n c e n t r a t i o n s a t the b a s e and a t the r e a r stagnation point r e s u l t s only f r o m the d ec r e a s e in the m a a s concentration of the injected species along the dividing s t r e a m l i n e by diffusiona l l o s s through the outer t r a n s p o r t l a y e r . As a r e s u l t , the two boundary conditions a r c n e a r l y equal and the a x i a l decay i s e x t r e m e l y weak comp a r e d to that for b a s e m a s s addition (cf. F i g u r e s (6) . ( 9 ) and (10) 1. As U-m, the exponential functions again r e p r e s e n t a thin boundary l a y e r a t thc b a s e . However, because no s o u r c e e x i s t s a t the b a s e , the mass-concentration field i s not expected t o exhibit a boundary l a y e r behavior. On the cont r a r y , a s 0 b e c o m e s l a r g e , convection will dominate over diffusion and i t i s expected t h a t t h e m a s s concentration of the injectant will h e uniformlv Using the modified Howarth t r a n s f o r m a t i o n s to the incompressible plane, t h e s e equations take the f o r m distributed within the recirculating flow, i. e C Q l ) -CE(O).
The Intermediate Wake w h e r e the d e t a i l s of the n e a r -w a k e m a y be lumped in the description of a v i r t u a l origin of t h e a x i a l coordinate.
A s a transition f r o m the n e a r wake t o the asymptotic far wake, the p r e s e n c e of the r e a r stagnation point, and the finite width of the m a s sconcentration p r o f i l e s a t the neck, r e q u i r e that t h e r e a l s o be an intermediate-wake region in which the mass-concentration and velocity fields experience a transition from those distributions imposed a t the r e a r stagnation point by the n e a rwake flow to their r e s p e c t i v e asymptotic f a r -w a k e distributions. T h e boundary conditions f o r the intermediate wake solution a r e specified by the m a s s -concentration distribution a t the neck. the incompressible plane, F i g u r e ( 1 2 ) shows that f o r argon the m e a s u r e d t r a n s v e r s e m a s s -c o n c e nt r a t i o n p r o f i l e s in the vicinity of the neck rapidly approach a Gaussian f o r m with i n c r e a s i n g axial distance. T h e s e p r o f i l e s exhibit a c h a r a c t e r i s t i c width Y = o(X1, f o r which C i / C t = , l / e , and their amplitudes C t r a n s f e r . In addition, the experiments indicate that the l a t e r a l s c a l e f o r the mass-concentration wake depends mechanically on the l a t e r a l s c a l e f o r the viscous wake, independent of the m a s s t r a n s f e r r a t e .
In s c a l e l i n e a r l y WI h i n c r e a s i n g m a s s E . . 
"
T h e v i r t u a l origin i s then given a s 5 = I /@4c-Sco and i s shown by t h e extrapolation a f ? h e solution curve in F i g u r e ( 1 3 ) .
T h e normalized solution contains a single p a r a m e t e r aw the s c a l e of the t r a n s v e r s e profile a t the neck. tribution in the near-wake flow field, and h a s been obtained f r o m experiment by matching the d a t a a t an a r b i t r a r y value of 5 .
shown in F i g u r e (13) for a r g o n addition f r o m both the f o r w a r d and the base stagnation regions.
This p a r a m e t e r depends on the d i sv
The r e s u l t s are F o r helium addition, the n e a r -field solution f o r 5-0 i s invalid b e c a u s e the axial diffusion t e r m i s not negligible n e a r the origin. solution i s valid, however, and has been used in R e f e r e n c e ( 1 ) t o f u r t h e r sub tantiate dependence far wake.
The far-field of the v i r t u a l origin on S c a~ 2 f o r t h e asymptotic S u m m a r y
An experimental investigation of the steady, l a m i n a r near-wake flow field of a two-dimensional adiabatic, c i r c u l a r cylinder with surface m a s s t r a n s f e r h a s been m a d e a t a f r e e -s t r e a m Mach number of 6 . 0, and f r e e -s t r e a m Reynolds n u m b e r s 0 x 104. = 0. 9 and
The p u r p o s e of the investigation was to d c t e rmine the effects on the n e a r -w a k e flow field a s s ociated with the addition of m a s s f r o m the body surface. The p r e s s u r e and m a s s s o n c e n t r a t i o n fields associated with the t r a n s f e r of argon, n i t r agen o r helium into the n e a r -w a k e w e r e studied for mass t r a n s f e r f r o m the forward stagnation region and for m a s s t r a n s f e r f r o m the b a s e .
--M a s s addition f r o m the forward stagnation r egion h a s no m e a s u r a b l e influence on the n e a r -w a k e p r e s s u r e field f o r m o d e r a t e m a s s t r a n s f e r r a t e s . For m a s s addition f r o m the b a s e , t h e p r e s e n t experiments conclusively d e m o n s t r a t e that the b a s e p r e s s u r e , and the e n t i r e near-wake flow field, c o r r e l a t e s with the p a r a m e t e r the ratio of the momentum flux of the injected fluid to the momentum flux in the cylinder houndary l a y e r u p s t r e a m of separation. which d e t e r m i n e s the behavior of the b a s e p r e ssure with m a s s addition i s the establishment of a stagnation point off t h e base, formed by the bala n c e of momentum between the injected fluid and the r e v e r s e d flow, and the consequent i m p r e s s i o n of the injected gas on the f r e e s h e a r layer n e a r separation.
The m e c h a n i s m
The distinction hetween a m a s s flux and a momentum flux p a r a m e t e r i s only possible through the u s e of injectants with molecular weights d i ff e r e n t f r o m that of the f r e e s t r e a m . When the molecular weight of the injectant i s equal to that of the f r e e stream, the p a r a m e t e r I i s indistinguishable from a m a s s flux p a r a p e t e r . For this reason, previous investigations ( R e f e r e n c e s ( 1 Z ) , (13) 1, using only a i r as a n injectant, cannot be used to demonstrate t h e dependence of t h e base .A' 9 p r e s s u r e on the m a s s flux of the injectant. whether wake flow field corre1:ttes with t h e m a s s flux of the injectant i s not c l e a r . exist in t h e p r e s e n t m e a s u r e m e n t s even f o r vanishingly s m a l l changes in b a s e p r e s s u r e .
Indeed. such r e g i m e e x i s t s in which the n e a rSuch a r e g i m e d o e s not For l a r g e v a l u e s of m a s s addition, for which the m a s s entrainment in the s h e a r l a y e r s i s s a t i sfied by the injection, no recirculating flow exists.
For t h i s r e ime, the m e a s u r e m e n t s of Lewis and Behrens(l9Y) have demonstrated that the changes i n the p r e s s u r e field depend on t h e volume flow of the injectant. T h i s r e g i m e h a s not been investigated in the p r e s e n t experiments.
T h e m a s s -c o n c e n t r a t i o n distribution i n the near wake depends e n t i r e l y on the boundary conditions on t h e body and on the product Re%.
For m a s s addition f r o m t h e base, the b a s e mass concentration is l a r g e , and t h e dominant f e a t u r e of the m a s s -c o n c e n t r a t i o n field i s the rapid a x i a l decay away f r o m the b a s e a s a consequence of. the c o u n t e r -c u r r e n t diffusion of the i njected s p e c i e s into t h e r e v e r s e d flow. The t r a n sv e r s e p r o f i l e s decay rapidly away f r o m the centcrline and, a t the higher Reynolds number, p o s s e s s a local m i n i m u m in the vicinity of t h e u = 0 locus a s a consequence of the convection of t h e h i g h m a s s -c o n c e n t r a t i o n l a y e r n e a r t h e b a s e into t h e outer 'flow by t h e r e c i r c u l a t i n g vortex. T h e recirculating flow i s hounded by outer t r a n s p o r t l a y e r s in the vicinity of the s h e a r l a y e r s which dominate the t r a n s p g r t of mas6 into the o u t e r flow.
F o r m s s addition f r o m the forward stagnation region, the injected m a s s e n t e r s the n e a r wake through t h e boundary l a y e r s on the cylinder. B e c a u s e no s o u r c e e x i s t s a t the base, the massconcentration field i s n e a r l y uniform in the region of r e v e r s e d flaw, and p o s s e s s e s a l o c a l m a x i m u m in the vicinity of t h e = 0 s t r e a m l i n e . The weak a x i a l decay observed in the e x p e r i m e n t s r e s u l t s only f r o m t h e d e c r e a s e in the mass concentration of the injected s p e c i e s along t h e dividing s t r e a mline by diffusional l o s s through t h e outer t r a n s p o r t l a y e r s .
In the intermediate-wake region, downstream of the neck, the m a s s -c o n c e n t r a t i o n field h a s been examined with the aid of an approximate t h e o r e t i c a l m o d e l which a s s u m e s t h a t the massconcentration distribution i s Gaussian in the i nc o m p r e s s i b l e plane. For argon addition, the a x i a l diffusion t e r m s are negligible and the s p ec i e s conservation equation on the a x i s gives a r e p r e s e n t a t i o n for the axial decay. By c o m p a r ison with the experimental data, the solution y i e l d s the axial distribution, and the location of the v i rt u a l o r i g i n f o r t h e asymptotic f a r -w a k e solution, a s a function of the distribution of m a s s concentration a t the wake neck. r e q u i r e s that the a x i a l diffusion t e r m h e retained, and h a s not been p r e s e n t e d h e r e . 
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